INTRODUCTION
The bycatch of dolphins by the purse-seine tuna fishery in the eastern tropical Pacific Ocean (ETP), also known as the 'tuna-dolphin issue' (Gerrodette 2002) , has been the subject of considerable scientific study and management actions over the past 30 years. Purseseine fishing for tuna in the ETP can be carried out in 3 ways, only one of which has significant bycatch of dolphins; the other modes of fishing have bycatch of fishes, sharks and turtles, but rarely dolphins (Edwards & Perkins 1998 , Hall 1998 . The part of the fishery that affects dolphins utilizes the association of seabirds, dolphins and fishes to locate and catch schools of yellowfin tuna Thunnus albacares (Au & Pitman 1986 , NRC 1992 . The large bycatch of dolphins in the 1960s and early 1970s led to the decline of several stocks of pantropical spotted and spinner dolphins, Stenella attenuata and S. longirostris (Smith 1983 , Wade 1993 . The 1972 passage of the USA Marine Mammal Protection Act and its subsequent amendments led, by 1980, to a 95% reduction of dolphin bycatch by USA fishing ABSTRACT: Populations of northeastern offshore spotted dolphins Stenella attenuata attenuata and eastern spinner dolphins S. longirostris orientalis have been reduced because the dolphins are bycatch in the purse-seine fishery for yellowfin tuna in the eastern tropical Pacific Ocean (the 'tuna-dolphin issue'). Abundance and trends of these dolphin stocks were assessed from 12 large-scale pelagic surveys carried out between 1979 and 2000. Estimates of abundance were based on a multivariate linetransect analysis, using covariates to model the detection process and group size. Current estimates of abundance are about 640 000 northeastern offshore spotted dolphins (CV = 0.17) and 450 000 eastern spinner dolphins (CV = 0.23). For the whole period from 1979 to 2000, annual estimates of abundance ranged from 494 000 to 954 000 for northeastern offshore spotted dolphins and from 271 000 to 734 000 for eastern spinner dolphins. Management actions by USA and international fishing agencies over 3 decades have successfully reduced dolphin bycatch by 2 orders of magnitude, yet neither stock is showing clear signs of recovery. Possible reasons include underreporting of dolphin bycatch, effects of chase and encirclement on dolphin survival and reproduction, longterm changes in the ecosystem, and effects of other species on spotted and spinner dolphin population dynamics.
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Resale or republication not permitted without written consent of the publisher vessels, due to a combination of scientific studies, increased regulations, observers on fishing boats, gear inspections and reviews of captain performance (Gosliner 1999) . Similar programs, which were voluntary at first and later became formal agreements, were initiated in the 1980s and 1990s under the auspices of the Inter-American Tropical Tuna Commission to cover fishing vessels of the international fleet (Joseph 1994) . During the 1990s the USA restricted the importation and sale of canned tuna caught by setting on dolphins.
As a result of these combined actions, dolphin bycatch in the ETP has declined by 99% in the international fishing fleet, and has been eliminated by the USA fleet, which does not set on dolphins. The annual number of dolphins reported killed by the purse-seine tuna fishery is currently < 0.1% of the population size for each ETP dolphin stock (Bayliff 2004 ).
Estimates of dolphin abundance are used to set annual limits on the dolphin bycatch under an international agreement to conserve dolphin populations (Hedley 2001) . Abundance estimates are also used in population models to assess the status of the dolphin stocks (Wade et al. 2002 , Hoyle & Maunder 2004 ). The surveys from 1998 to 2000 were part of a larger research effort to determine whether the fishery is having a significant adverse impact on the dolphin populations (Reilly et al. 2005) . The answer to this question has biological and economic consequences, because if the fishery is not having a significant impact, the USA may adopt a less restrictive definition of 'Dolphin-Safe' tuna.
1 Under current fishing practices, this re-definition would allow more canned tuna, particularly yellowfin tuna caught by the large Mexican fleet, to be sold as Dolphin-Safe in the USA and other countries. On Dec. 31, 2002 , the Secretary of Commerce of the USA decided that the fishery is not having a significant adverse impact. However, this determination was challenged in court and overturned in August, 2004, on the basis that the decision was not based on science.
To assess the results of management actions, research vessel surveys to estimate abundance of the affected dolphin stocks have been carried out periodically since the 1970s by the National Oceanic and Atmospheric Administration (NOAA Fisheries). The latest series of cruises were undertaken in 1998 to 2000. Abundance estimates based on cruises from 1986 to 1990 have been published as annual estimates for dolphins (Wade & Gerrodette 1992 ) and as pooled estimates over the entire 5 yr period for all cetacean species (Wade & Gerrodette 1993) . These estimates were based on conventional line-transect analysis .
Recent advances in line-transect analysis permit modeling the probability of detecting objects along the trackline as a function of factors other than perpendicular distance alone (Ramsey et al. 1987 , Marques & Buckland 2003 , Forcada et al. 2004 , Royle et al. 2004 ). In addition, improved estimates of distances from ship to sighting (Lerczak & Hobbs 1998 , Kinzey & Gerrodette 2001 and group size are now available. In this study we used multivariate methods to estimate the abundance of spotted and spinner dolphins most affected by the ETP tuna fishery. The estimates were based on data collected from 1998 to 2000, together with a reanalysis of data from past cruises dating back to 1979. The entire set of estimates was analyzed for temporal trends, since recovery of the populations is expected after fisheryrelated mortality has been reduced to a low level.
MATERIALS AND METHODS
Stocks and survey design. Dolphin species in the eastern tropical Pacific have been divided into stocks for management purposes, using data on distribution, population dynamics, morphology and genetics (Dizon et al. 1994) . Two stocks designated as depleted under the USA Marine Mammal Protection Act, and therefore of primary interest in designing the surveys, were the northeastern offshore stock of pantropical spotted dolphins Stenella attenuata attenuata north of 5°N and east of 120°W , and the ETP endemic eastern subspecies of spinner dolphins S. longirostris orientalis (Perrin 1990) . These stocks will be referred to as NE offshore spotted (NEOS) and eastern spinner (ES) dolphins, respectively. The stratification of the 1998-2000 surveys (Fig. 1D ) was based on the distribution of these stocks. The core stratum includes the entire range of NE offshore spotted dolphins by definition, and most of the range of eastern spinner dolphins. The boundary of the outer stratum was drawn well beyond the known range of eastern spinner dolphins to be certain to include the entire population.
Stratification of the surveys from 1986 to 1990 (Fig. 1C) was different, based on the understanding of stock structure and distribution at that time (Holt et al. 1987) . In this analysis, the original 4 strata of this series were increased to 6 by subdividing the Inshore and Middle strata to match the currently defined boundary 2 1 Under US law, the definition of Dolphin-Safe tuna is tuna caught by methods that do not involve the intentional chase and encirclement of dolphins. The proposed change in definition would allow tuna caught by chasing and encircling dolphins to be labelled Dolphin-Safe as long as no dolphins were killed or seriously injured on that particular set of the purse seine. In either case the fishing vessel must carry an observer to certify that the standard has been met Table 1) of NE offshore spotted dolphins at 5°N. In 1980 5°N. In , 1982 5°N. In and 1983 , a single stratum was used for each stock (Fig. 1B) , and the amount of transect effort within these strata was less than in other years. In 1979, effort was concentrated in a smaller 'calibration' area ( Fig. 1A , areas NEOS 1 and ES 1). The surveys were conducted with 4 vessels: RV 'David Starr Jordan', 'Townsend Cromwell', 'McArthur' and 'Endeavor', which are similar in length (52 to 57 m) and observer eye height (10.4 to 10.7 m). In 1979 and 1980, the surveys were conducted in January to March. The 1982 cruise took place in May to August and the 1983 cruise in January to April. Surveys in 1986 to 1990 and 1998 to 2000 were carried out from late July to early December. Time of year, however, should not be an important factor affecting abundance estimates, because the surveyed areas were large enough to include any seasonal movements of the dolphin populations (Reilly 1990) .
Pre-determined transect lines were random within each stratum, with the constraint that spatial coverage be as even as possible. Ships moved at night, and the starting point of each day's transect effort was wherever the ship happened to be at dawn along the overall trackline. Further details of survey design and tracklines are discussed in Gerrodette & Forcada (2002, and references therein) .
Field methods. Weather permitting, a visual search for cetaceans was conducted on the flying bridge during all daylight hours as the ship moved along the trackline at a speed of 10 knots (18.5 km h -1 ). On each ship, 3 marine mammal observers stood watch at a time, 2 using pedestal-mounted 25× marine binoculars and 1 using hand-held 7× binoculars and the naked eye. When marine mammals were sighted, observers measured the angle and distance to the animals. The pedestals of the 25× binoculars were fitted with azimuth rings for measurement of horizontal angles from the trackline to the animals. Vertical angles from the horizon to the animals were measured with reticle scales in the ocular lenses of the binoculars. Reticle values were converted to angular values (Kinzey & Gerrodette 2001) and to distance from the observer, based on height above the water (Gordon 1990 , Lerczak & Hobbs 1998 . Reticle measurements of distance were checked against radar under a variety of field conditions; a slight tendency to underestimate distances beyond 4 km, primarily due to atmospheric refraction of light, was corrected by regression (Kinzey & Gerrodette 2003) . Perpendicular distance d of the sighting from the trackline was computed as d = r sin θ, where r was the radial distance to the sighting and θ the horizontal angle of the sighting from the trackline. In addition to angle and reticle, Beaufort sea state, visibility, sun angle, swell height, presence of birds and other factors that might affect detection probability were recorded with each sighting.
A data entry program automatically recorded the position of the ship with a GPS signal from the ship. If the sighting was < 5.6 km (3 n miles) from the trackline, the observer team went 'off effort' and directed the ship to leave the trackline and to approach the animals sighted (closing mode survey). The observers identified the sighting to species or subspecies and made group size estimates. Observers discussed distinguishing field characteristics in order to obtain the best possible identification, but they estimated group sizes and, in the case of mixed-species schools, group composition independently. After completing the sighting, search effort was resumed toward the next waypoint. Further details of data collection procedures are given in Kinzey et al. (2000) .
On cruises before 1998, the same basic data (positions at beginning and end of searching effort, angles and distances to sightings, and school sizes) were collected, although methods of collecting the data evolved over the years. For example, previous data were recorded on paper rather than on a laptop computer, and ship positions were measured with Loran or SatNav before the GPS system was available. On the 1979 and 1980 cruises, distance and angle from trackline were estimated by eye rather than with binocular reticles and angle rings.
School size. From 1987 to 2000, RV 'David Starr Jordan' carried a helicopter equipped with mediumformat, motion-compensated, military reconnaissance cameras. In suitable conditions of sea state, sun angle and school configuration, entire schools of dolphins were photographed from the helicopter and the number of dolphins was counted directly from the negatives (Gilpatrick 1993) . However, aerial photographs were available for only a subset of schools seen from RV 'David Starr Jordan' and none of the schools seen from the other ships. For most schools, school size was estimated from the best, high and low estimates made by each observer.
By comparing each observer's estimates of the photographed schools to the counts from the negatives, individual correction or 'calibration' coefficients for 52 observers were estimated (Barlow et al. 1998 . These coefficients were used to produce a calibrated estimate of school size when an observer's original ('best') estimate of school size fell in the range of photographed schools for which s/he had been calibrated. Calibration coefficients were not available for every observer, either because (1) the observer worked prior to the start of the aerial calibration program in 1987, or (2) the observer had ≤ 5 photographed schools to estimate the regression coefficients. For school size estimates made by uncalibrated observers, or for schools which fell outside the range of school sizes for which an observer had been calibrated, we divided the observer's best estimate by 0.860, the mean ratio of best estimate to photo count for the 52 calibrated observers .
We combined the individual estimates made by each observer, adjusted as described above, to obtain a single estimate of size for each school. Because the calibration procedure was based on the logarithm of the estimates, the weighting and averaging was also carried out on the logarithms, using the inverse of the variance of each observer's estimates as weights. The logarithm of the final calibrated estimate of school size s for each sighting was:
( 1) with variance (2) where n is the number of calibrated estimates C for the school,
is the residual variance of the log-log regression of school size estimates on photo counts for the observer making the i th estimate.
Abundance estimation. Estimation of abundance was based on distance sampling . A multivariate extension of conventional line-transect analysis (Marques & Buckland 2003 , Forcada et al. 2004 ; see Appendix 1) estimated abundance as: (3) where A j is the area and L j is the length of search effort in stratum j, ƒ ij (0,c ij ) is the estimated probability density evaluated at zero perpendicular distance of the i th sighting in stratum j under conditions c ij , and sˆi j is the estimated group size of the i th sighting in stratum j (or subgroup size of the species of interest in the case of mixed-species schools). Estimation was based on search effort and sightings that occurred during oneffort periods, in conditions of Beaufort < 6 and visibility > 4 km. The vector of covariates c ij included the continuous variables: group size, Beaufort sea state and time of day; and the categorical variables: species, ship, stratum, sighting cue, whether the school was a single-or mixed-species group, presence/absence of glare on the trackline, and presence/absence of seabirds. Sea state measured on the Beaufort scale was actually a discrete variable, but the ordinal scale could be modeled satisfactorily as a continuous variable (Barlow et al. 2001) . The continuous variable swell height was also recorded on the 1998-2000 cruises. All dolphin schools on or near the trackline were assumed to be detected, i.e. g (0) = 1.0.
We explored half-normal and hazard-rate models, each with variable numbers and types of covariates. Hazard-rate models gave highly variable estimates of effective strip width among years, and unpublished analyses suggested grounds for biased ƒ ij (0,c ij ) estimates using this model for the study data. For consistency we used only the half-normal model, with sightings truncated at 5.5 km. For each species or stock in each year, covariates were tested singly and in additive combination, and a set of best models was chosen on the basis of Akaike's Information Criterion corrected for sample size (AIC c ) (Hurvich & Tsai 1989) . For computational efficiency, we retained as reasonable models all models with an AIC c difference (ΔAIC ) ≤2 from the best model. Final estimates of ƒ ij (0,c ij ) utilized model averaging, with the AIC c scores as weighting factors. The weight of the estimate from the j th model was exp(-0.
Pooled components of the abundance estimates were computed to provide additional summary and diagnostic statistics. Pooled components ƒ(0), expected school size , school encounter rate n/L, and percentage of the total abundance estimate due to the prorated abundance of unidentified sightings (see next section) were calculated across all sightings i and strata j as: (4) (5) (6) (7) for each stock and year, where, for stratum j, n j is the number of sightings, N id,j is the estimated abundance based on identified sightings, N unid,j is the prorated abundance estimate based on unidentified sightings, and other terms are defined in Eq. (3).
Specific code in S was written to implement the analysis. The S code included calls to FORTRAN routines for the maximum likelihood optimization of the covariate density models. These routines consisted of modifications of Buckland's (1992) algorithm to fit maximum-likelihoods of density functions using the Newton-Raphson method.
Unidentified sightings. Not all sightings could be identified to stock with certainty. The number of sightings recorded as unidentified was first reduced by assigning sightings recorded as 'probable' to that identified category. For the remaining unidentified sightings, we estimated abundance for the unidentified category and prorated abundance among appropriatê
stocks in proportion, by stratum, to the estimated abundance from identified sightings of those stocks that were included in the broader unidentified category. The general form of the proration was: (8) where N ij is the revised abundance estimate of stock i in stratum j, N * ij is the abundance of stock i in stratum j estimated from identified sightings of stock i, N uj is the abundance of the unidentified category estimated from unidentified sightings in stratum j, and N * kj is the abundance estimate of stock k in stratum j for stocks other than i included in the unidentified sighting category. This proration made the assumption that all taxa within the unidentified category were equally easy to identify. While probably unrealistic, this assumption was the simplest in the absence of data on ease of identification.
We estimated abundance of 3 unidentified sighting categories: unidentified spotted dolphins (prorated to NE offshore spotted, western/southern offshore spotted, and coastal spotted dolphins), unidentified spinner dolphins (prorated to eastern spinner and whitebelly spinner dolphins), and unidentified dolphins (prorated among several species including spotted and spinner dolphins). For example, to prorate the abundance represented by sightings of unidentified dolphins, we estimated abundance of spotted, spinner, striped (S. coeruleoalba), common (Delphinus spp.), bottlenose (Tursiops truncatus), rough-toothed (Steno bredanensis) and Risso's (Grampus griseus) dolphins in each stratum, and distributed the abundance of unidentified dolphins proportionally among them.
Precision. Precision of the abundance estimates and pooled abundance components was estimated by balanced nonparametric bootstrap (Davison & Hinkley 1997) . Within each stratum, a balanced bootstrap sample was constructed by sampling transects (days on effort) with replacement, so that all transects were selected the same number of times in total. To include the variability due to school size estimation and the calibration procedure, for each school size estimate sˆ in the bootstrap sample, the logarithm of a new school size was chosen from a normal distribution with mean ln(sˆ) and variance var[ln(sˆ)], equal to the estimated mean and variance of the sighting's school size estimate obtained by calibration. For each bootstrap sample, the full estimation procedure was carried out, including proration and model averaging. To include model selection uncertainty and to avoid overestimating precision, multiple models were used in each bootstrap. Models for ƒ ij (0,c ij ) estimation were restricted to the set of models with ΔAIC ≤ 2, based on the original data, plus the univariate half-normal model. From 1000 bootstrap estimates, the standard errors (SE), coefficients of variation (CV) and bias corrected and accelerated (BC a ) (Efron & Tibshirani 1993 ) 95% confidence intervals of the estimates of total abundance and pooled abundance components were computed.
Trend estimation. To examine trends in the timeseries, we fitted weighted linear and quadratic (2nd-order) models to the estimates of NE offshore spotted and eastern spinner dolphins, using the inverse of the variance of each point estimate as the weighting factor. The statistical significance of each model was tested against the null hypothesis of no change in population size with time, using a Type 1 error rate of α = 0.05. The statistical power (1 -Type 2 error rate) of detecting a change in population size, given the actual number of estimates at the observed intervals and precision, was evaluated for simple exponential growth, using a modified version of Trends, a program to estimate power for linear regression (Gerrodette 1987 (Gerrodette , 1993 . The power analysis assumed a 2-tailed test of significance with α = 0.05, rates of population growth from 1 to 5% and the mean CV for NE offshore spotted dolphins. To provide visual summaries of the timeseries, the estimates were smoothed with nonparametric LOESS smoothers, using the same inverse-variance weights.
RESULTS

Sightings and effort
Total transect effort was 42 000 km in 1998 with 3 ships, and 30 000 km each in 1999 and 2000 with 2 ships (Table 1) . During the 1986-1990 cruises, total search effort ranged from about 24 000 to 30 000 km each year, while total effort in 1983 and earlier was from 8600 to 16 100 within the strata shown in Fig. 1 . Total effort for all years was 295 000 km, but the amount and distribution varied among years (Fig. 2, Table 1 ).
The annual number of sightings (schools) of NE offshore spotted dolphins ranged from 107 to 184 in 1998 to 2000 (core and north coastal strata), from 60 to 88 in 1986 to 1990 (Inshore 1 and Middle 1 strata) and from 20 to 56 from 1979 to 1983 (Table 1, Fig. 2 ). The annual number of sightings of eastern spinner dolphin schools ranged from 67 to 94 in 1998 to 2000, from 38 to 71 in 1986 to 1990 and from 14 to 30 in 1979 to 1983. By design, more effort was concentrated in the range of NE offshore spotted and eastern spinner dolphins in 1998 to 2000 compared to previous years (Table 1, Fig. 2 ). The number of sightings of these dolphin stocks therefore tended to be higher, particularly in 1998 when 3 ships were used. 
∑
In addition to the identified sightings in Table 1 , there was a large number of unidentified dolphin sightings each year. An unidentified dolphin sighting could potentially be any of a number of species, including spotted and spinner dolphins. Unidentified dolphin sightings were usually small groups of animals seen at large radial distances from the ship that subsequently could not be relocated, or groups seen at > 5.6 km from the trackline that were not approached for identification. Although the number of unidentified dolphin schools was large, the contribution of these sightings to total abundance was small (see 'Abundance' below) because many of the sightings were beyond the truncation distance of 5.5 km, group size was small, and only a fraction of the estimated unidentified dolphin abundance was prorated to the stocks of interest.
Model selection, detection function, and group size
Models including school size, sea state, sighting cue and other covariates were important in modeling the probability of detecting schools of spotted and spinner dolphins ( Table 2 ). The number of plausible models (ΔAIC ≤ 2) ranged from 1 to 5, with multiple models chosen in most years. A univariate model with perpendicular distance as the only predictor was chosen as the best model in about half the cases, but it was never the only model chosen. The number of covariates selected ranged from 1 to 3, with group size being the most frequently selected covariate. In general, estimation of ƒ ij (0,c ij ) was based on sightings of a particular stock (Table 1) . However, if the number of sightings of a single stock was not adequate (usually a minimum of about 40), sightings of all stocks within species were combined for ƒ ij (0,c ij ) estimation. In , 1982 , when the amount of survey effort and number of sightings were small, we combined spotted and spinner sightings for ƒ ij (0,c ij ) estimation, because the species are similar in body and school size and, indeed, often occur together in the same school. Although different models were generally selected (Table 2) , the mean estimates of ƒ(0) were similar (Table 3) .
The histograms of sighting frequency by perpendicular distance for spotted (Fig. 3) and spinner (Fig. 4) dolphins frequently showed a spike in the frequency of sightings near the trackline. As noted in 'Materials and methods', fitting the probability density function to this spike with Table 1 . Size of study area for surveys of Stenella attenuata attenuata and S. longirostris orientalis, amount of survey effort and number of sightings, by year and stratum. Sightings: number of identified dolphin schools within 5.5 km perpendicular distance of the trackline during periods of searching effort in conditions of Beaufort < 6 and visibility > 4 km. Strata are shown in Fig. 1 Table 3 , which include the effects of the covariates. Dolphin school sizes were large, highly variable, and had strongly skewed distributions (Fig. 5) . Occasional large schools of up to 2600 dolphins were observed. A single very large dolphin school can significantly influence mean group size, and the presence or absence of these large but rarely encountered schools contributed to variability among years. An adaptive kernel density estimator was used to improve the bootstrap sampling of group size (Forcada 2002) . Across all years, the mean observed school size was slightly larger for spinner than for spotted dolphins (122 vs. 114). The school size values shown in Fig. 5 include bias correction due to school size estimation tendencies (the calibration procedure) only, and thus do not agree exactly with the values in Table 3 , which include the effects of the covariates.
Abundance
Estimated abundance of NE offshore spotted dolphins ranged from 494 000 in 1986 to 954 000 in 1989, while estimated abundance of eastern spinner dolphins ranged from 271 000 in 1980 to 734 000 in 1989 (Table 3, Fig. 6 ). Coefficients of variation (CVs) ranged from 13.5 to 37.1% for NE offshore spotted dolphins, and from 21.8 to 40.9% for eastern spinner dolphins. In general, estimates were more precise in the recent (1998 to 2000) surveys than in the earlier surveys, and estimates of NE offshore spotted dolphins were more precise than estimates of eastern spinner dolphins (Table 3, Fig. 6 ).
Estimates of pooled components of abundance indicated the contribution of effective strip width, school size, encounter rate and proration of unidentified sightings to each abundance estimate (Table 3) . Annual ƒ(0)s ranged from 0.25 to 0.46 km -1 , implying effective strip widths of 2 to 4 km on either side of the trackline, depending on the conditions each year. Spotted and spinner dolphins had similar effective strip widths each year; the mean annual difference was 0.13 km. Averaged across years, the effective strip width was 3.1 km on either side of the trackline for both spotted and spinner dolphins. Annual mean school sizes ranged from 62 to 220 for NE offshore spotted and from 73 to 151 for eastern spinner dolphins (corrected for bias due to school size and other sighting covariates, as well as bias due to individual observer estimation tendency). The average of the annual means for these 2 stocks was 108.5 and 109.3, respectively. Encounter rates were 0.385 to 0.934 schools per 100 km for NE offshore spotted dolphins and 0.141 to 0.333 for eastern spinner dolphins. Unlike ƒ(0) and school size, encounter rates varied greatly by stratum due to the distribution of the stocks (Fig. 2) . Therefore, pooled encounter rates were less informative than pooled ƒ(0) and school size. In particular, because effort and encounter rate varied by stratum, multiplication of the pooled abundance components in Table 3 may not approximate the estimates of abundance. The contribution of unidentified sightings to the estimated abundance of each stock varied by year, but averaged 4.5% for NE offshore spotted and 4.8% for eastern spinner dolphins. (Fig. 6) . Quadratic regressions indicated a concave-upward curve for NE offshore spotted dolphins, and a concave-downward curve for eastern spinner dolphins. None of the regressions was statistically significant at the α = 0.05 level. A weighted LOESS smooth with span 1.5 through the NE offshore spotted estimates indicated a slight decline through the late 1980s and a slight increase (<1% yr -1 ) since then (Fig.  7) . A similar smooth through the eastern spinner estimates indicated an increasing population until 1990, followed by a decline of 2 to 3% yr -1 until 2000. Given the number of estimates at the observed intervals and variance, the statistical power of detecting a 1, 2, 3, 4 or 5% annual rate of change between 1979 and 2000 using ordinary least-squares regression was estimated to be 0.26, 0.67, 0.95, 1.0 and 1.0, respectively.
DISCUSSION
Abundance
Based on averages of the estimates from the 1998 to 2000 surveys, the current size of the NE offshore spotted dolphin population is about 640 000 animals, and the current size of the eastern spinner dolphin population is about 450 000 animals ( Table 3 ). The estimates from the 3 most recent surveys agreed well with each other for both populations within the precision of the estimates (CVs of about 17 and 23%, respectively; Fig. 6 ). The survey effort for eastern spinner dolphins in the outer stratum was small, relative to the large range of the dolphin stocks, in 1980, 1982 and 1983, and in 1999-2000 (Fig. 2) . Estimates based on this sparse effort were less certain than in other years, and the bootstrap process probably underestimated the true uncertainty in these estimates.
The estimates of NE offshore spotted and eastern spinner dolphin abundance prior to 1998 presented in Table 3 differed from past estimates. Although some estimates were higher and others lower, the main feature was that the estimates presented here were less variable among years than previous estimates. The differences between the old and new estimates were due to a number of changes, updates and improvements, both to the data and to the analysis. These included:
(1) explicit modeling of other factors (covariates) that affected probability of detection (Appendix 1); (2) implicit handling of school size detection bias; (3) AICweighted averaging of estimates from different models; (4) 1979 1980 1982 1983 1986 1987 1988 1989 1990 1998 1999 2000 1979 1980 1982 1983 1986 1987 1988 1989 1990 1998 1999 2000 Dolphin school size size estimates based on aerial photography; (6) more accurate measurements of distance and area; (7) improved bootstrap procedures for estimating measures of precision; and (8) additional checking and editing of data for all years. Gerrodette & Forcada (2002) discuss these factors in more detail.
Conventional line-transect methods use perpendicular distance from the trackline to estimate an effective strip width and rely on 'pooling robustness' to account for the multiple factors affecting whether an object is detected or not (Burnham et al. 1980 ). While they are widely used and generally robust, these methods have limitations (Ramsey & Harrison 2004) , and modeling the effects is an improved approach (Marques & Buckland 2003 , Forcada et al. 2004 , Royle et al. 2004 . For the dolphins considered here, the effects of covariates such as school size, sea state and sighting cue, including the presence of a bird flock, were important in modeling the probability of detection of a school (Table 2 ). Using generalized additive modeling for a wide variety of cetaceans, Barlow et al. (2001) also found school size, sea state and cue to be important predictors of mean perpendicular distance of detection. Similarly, Marques & Buckland (2003) , analyzing fishing vessel data for NE offshore spotted dolphins, found school size and sighting cue to be important factors. Sea state did not seem to be an important factor, but this may have been due to the more restricted range of Beaufort conditions considered by Marques & Buckland (0 to 3, as opposed to 0 to 5 in this study and in Barlow et al.) . Sea state is particularly important for less conspicuous species such as harbor porpoises Phocoena spp. (Jaramillo-Legorreta et al. 1999 , Teilmann 2003 . Northeastern offshore spotted dolphins 1980 1985 1990 1995 2000 Eastern spinner dolphins Abundance (in thousands) 1980 1985 1990 1995 2000 Northeastern offshore spotted dolphins 
Bias
For this study, the key assumptions of line-transect analysis were:
(1) Objects on the trackline are detected with certainty. For these large dolphin schools, the assumption is reasonable and generally supported (Brandon et al. 2002) . However, a small percentage of schools were probably missed, leading to a slight underestimation of abundance.
(2) Objects are detected at their initial location. While these dolphins move away from survey vessels (Au & Perryman 1982) , most dolphin schools were sighted with 25× binoculars before they reacted significantly (Hewitt 1985 , Brandon et al. 2002 . Frequencies of sightings by perpendicular distance did not indicate avoidance prior to detection (Figs. 3 & 4) . Random movement of schools can cause a positive bias (Hiby 1982) , but the speed of the vessel was high enough relative to normal dolphin movement for this effect to be small.
(3) Measurements are exact. On a moving ship, measurements of angles and distances to sightings are not exact. Use of angle rings and reticle scales improved accuracy, and the small systematic underestimation of distance due to refraction of light, with resulting overestimation of abundance, was corrected (Kinzey & Gerrodette 2003) . Even without systematic error, variability in distance measurements can lead to underestimation of abundance (Chen 1998) ; variability in this study (Kinzey & Gerrodette 2003) was sufficiently low for this bias to be small. Exact determination of dolphin school sizes was not possible. However, the accuracy of group size estimates in this study was established by comparing estimates with aerial photographs. The general tendency to underestimate group size, with resulting negative bias in abundance estimates, was reduced by calibrating the estimates of individual observers .
These surveys were conducted in closing mode, meaning that the ship left the trackline to approach dolphin sightings. This break in search effort was necessary to identify species and obtain accurate school size estimates, but may lead to undersampling of high density areas. Estimates of abundance using closing mode were negatively biased compared to passing mode, in which the ship does not leave the trackline, for Antarctic minke whales (Haw 1991 , Branch & Butterworth 2001a , but positively biased for most other cetaceans (Branch & Butterworth 2001b) . In surveys up to 1990, we closed on spotted and spinner schools only, whereas in 1998 to 2000, we closed on all cetacean sightings within 3 n miles of the trackline. Because spotted and spinner dolphins have different habitat characteristics than other dolphins (Reilly & Fiedler 1994) , this implies that the effect would have been weaker in the 1998 to 2000 surveys than earlier, if closing mode does create a negative bias by undersampling.
Trends and recovery
Contrary to the claim of Hall et al. (2000, p 210 ) that 'recovery [of these dolphin stocks] is under way,' the data show that the stocks are not recovering at rates consistent with the estimated levels of depletion and current low reported levels of bycatch. Dolphin populations are estimated to be capable of growing at 4% yr -1 or more (Reilly & Barlow 1986 ). For both stocks, the estimates did not show any statistically significant trend, either upwards or downwards, during the 21 yr period (Fig. 6 ). The power analysis showed that if the dolphin populations had been growing (or declining) at a rate of ≥ 3% yr -1 from 1979 to 2000, there was high power (> 0.95) to detect that change. There was intermediate power (0.67) to detect a 2% yr -1 change, and low power (0.26) to detect a 1% yr -1 change. Thus, the non-significant regression analysis was not very informative about the smaller rates of change, as the standard errors also indicated. The lack of recovery of these dolphin stocks is in sharp contrast to 3 decades of actions (Gosliner 1999 , Hall et al. 2000 , which have reduced the dolphin bycatch by 2 orders of magnitude, from several hundred thousand dolphins per year (Wade 1995 ) to < 2000 (Bayliff 2004 . Lennert-Cody et al. (2001) reached a similar conclusion about the lack of recovery based on analysis of data collected by observers on the fishing vessels. For NE offshore spotted dolphins, several indices of abundance were calculated, including estimates based on a univariate half-normal model (Lennert-Cody et al. 2001) , a modes-of-search model which stratified data according to searching method (Lennert-Cody et al. 2001) , and a sighting-covariate model (Marques 2001) . For this stock, all fishing vessel indices showed an increasing population until about 1990, followed by a decline (Fig. 7) . In contrast, the research vessel estimates (this study) did not indicate a decline in the last decade. For eastern spinner dolphins, the fishing vessel index was based on the half-normal model only and showed a similar trajectory to the estimates reported in this study (Fig. 7) . Indices were positively correlated with abundance estimates for both NE offshore spotted and eastern spinner dolphins (r = 0.34, SE = 0.30 and r = 0.51, SE = 0.27, respectively). For all indices derived from fishing vessel data, Lennert-Cody et al. (2001) cautioned that the data contain timevarying biases. After considering the possible size of these biases, however, the authors concluded that 'it seems unlikely that either of the stocks … are increasing at rates that might be expected if they had been well below carrying capacity through the 1980s' (p 318).
Hypotheses for lack of recovery
There are several possible reasons why the dolphin populations are not recovering at expected rates.
(1) Dolphin bycatch is higher than reported. The Inter-American Tropical Tuna Commission, the fisheries commission which runs the international observer program and produces the bycatch estimates, reports that recent dolphin bycatch is known without error (Bayliff 2004 ). Observer coverage is close to 100% for the large (> 363 mt) vessels which set on dolphins. Nevertheless, the reported number of dolphins killed is an underestimate, because: (a) smaller boats, which may sometimes set on dolphins, do not have observers; (b) observers do not see all of the net at all times on all sets; (c) some injured dolphins may die later (observers record 'severely injured' dolphins as mortalities); (d) dead dolphins, when observed, may not always be reported. The magnitude of underreporting due to these effects is not known. Furthermore, there is unobserved mortality of orphaned calves when lactating females are killed without their calves (Archer et al. 2004) .
(2) Effects of the fishery go beyond bycatch. The annual number of dolphins chased, captured and released during fishing operations is high (Archer et al. 2002) . Individual NE offshore spotted dolphins interact with the fishery between 2 and 50 times yr -1 , depending on size of the school (Perkins & Edwards 1999) . It is likely that this rate of interaction has negative effects on survival and/or reproduction through stress (Curry 1999 , Appendix 7 in Reilly et al. 2005 , increased predation (Perryman & Foster 1980) , and separation of mothers and calves (Archer et al. 2001) . Separation of mothers and calves may be due to disruption of the hydrodynamic drafting relationship between mother and calf during chase (Weihs 2004) . In response to fishing activity, ETP dolphins have changed their behavior, becoming more evasive (Schramm Urrutia 1997 , Heckel et al. 2000 , Mesnick et al. 2002 , Santurtún Oliveros & Galindo Maldonado 2002 , LennertCody & Scott 2005 . Seemingly small changes in behavior can have strong demographic effects (Gerrodette & Gilmartin 1990) . Differences in testes size indicate that eastern spinner dolphins have a more structured mating system than other subspecies of spinner dolphins, which may make them more vulnerable to frequent harassment (Perrin & Mesnick 2003) . Calf production has been declining since 1987 for both eastern spinner and NE offshore spotted dolphins (K. Cramer, W. Perryman, T.G. unpubl.) . Although there are many probable cryptic effects of the fishery on dolphin vital rates, the actual magnitudes of these effects are not known.
(3) Dolphin habitat is not constant. NE offshore spotted and eastern spinner dolphins occur in the warm, stratified waters of the central part of the ETP (Reilly & Fiedler 1994) . Decadal-scale 'regime shifts' have been described in the North Pacific (Francis et al. 1998 , Hare & Mantua 2000 , Chavez et al. 2003 and equatorial Pacific (McPhaden & Zhang 2002) . In the ETP, however, decadal variability is relatively low, El Niño-scale variability (2 to 7 yr) predominates, and average primary production does not appear to have declined since the late 1960s (Fiedler 2002) . Since these dolphin populations are currently at 20 to 30% of their prefishery levels (Wade et al. 2002) , a large decline in dolphin habitat would be necessary to explain the lack of dolphin recovery. Such a large change is not indicated by temporal patterns in oceanographic variables, ichthyoplankton, fish, squid, seabirds, other cetaceans, or dolphin habitat (reviewed in Appendix 6 of Reilly et al. 2005) , although biological data are not available prior to 1986. A longer time-series from the fishery indicates an increase around 1985 in the abundance of yellowfin tuna (Maunder & Harley 2004) , which may indicate a change to more, not less, favorable habitat at that time for dolphins that associate with the tuna. Nevertheless, given fragmentary data and our limited understanding of how environmental changes affect dolphin abundance, we cannot rule out that ecosystem changes have negatively affected the recovery of the dolphin populations.
(4) Expectations of immediate recovery are oversimplified. Relatively simple single-species population models do not account for a variety of factors that might lead to a delay in, or perhaps even a failure of, dolphin recovery. Such factors could include competitive displacement by fish, sharks, or other cetaceans, depensatory ('Allee') effects at low population sizes, and disruptions to the age or social structure by past dolphin bycatch. Fisheries have a wide variety of effects on marine ecosystems (Dayton et al. 1995 , Jennings & Kaiser 1998 , Pauly et al. 1998 ). In the oligotrophic ETP, competitive interactions are important in structuring the seabird community (Ballance et al. 1997) , but other interspecific dynamics are poorly known. Most centrally, the ecological association of dolphins and yellowfin tuna, which forms the basis of the fishery, is still so little understood that we do not know whether the large removal of tuna biomass by the fishery in the last 40 yr has had a positive, negative or neutral effect on dolphin population dynamics. Hutchings (2000) noted little evidence of recovery in 90 fish stocks after >15 yr since fishing was reduced. On the other hand, Best (1993) described recovery in most baleen whale stocks after cessation of whaling. Modeling of the ETP ecosystem (Watters et al. 2003) may provide some insights about the effects of interspecific interactions as well as environmental change on recovery.
These hypotheses are not mutually exclusive. More than one may be responsible for the lack of dolphin recovery. Continued monitoring and ongoing research are aimed at evaluating which factors are most important.
